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SUMMARY
The influence of adult female body size of Anopheles gambiae s.l. on development of midgut and salivary gland infections
by the parasite Plasmodium falciparum was investigated in a field study carried out in Tanzania. The proportion of
mosquitoes infected during a blood meal was independent of size. However, the number of oocysts harboured by infected
mosquitoes increased with size of the mosquito. The proportion of mosquitoes with sporozoites, and thus potentially
infective to humans, was highest in intermediate-sized mosquitoes, whereas the largest and smallest mosquitoes were less
likely to have sporozoites. This pattern is interpreted as a combination of high survival rate of large, uninfected mosquitoes
and of low survival rate of mosquitoes infected with many oocysts.
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INTRODUCTION
Variability within mosquito populations of factors
affecting malaria transmission has received only little
attention, although theoretical studies have shown
that it affects the pattern of transmission (Dye &
Hasibeder, 1986; Kingsolver, 1987; Koella, 1991).
One of the factors contributing to variability in
transmission may be body size of the mosquito
vector. Considerable variation in body size within
populations has been observed for many mosquito
species (Fish, 1985), including Anopheles gambiae
(Gillies & De Meillon, 1968), the main vector of
malaria in Africa. In addition, body size has been
found to affect transmission of several viral diseases.
Small individuals of Culex tritaeniorhynchus are more
likely to be infected with Japanese encephalitis virus
(Takahashi, 1976) and West Nile virus (Baqar et al.
1980) during a blood meal than larger individuals.
Grimstad & Haramis (1984) have shown that
nutritionally deprived larvae of Aedes triseriatus
developed into small adults that are infected with La
Crosse virus at higher rates than larger, well-
nourished individuals.
The effect of body size on malaria transmission
has only rarely been studied. Kitthawee, Ehman &
Sattabongkot (1990) artificially fed four size-classes
of laboratory-reared Anopheles dims with Plasmo-
dium falciparum and showed that the largest size-
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class developed the highest number of oocysts,
though the proportion of infected mosquitoes was
independent of size. In contrast, two earlier studies
found no relationship between weight of Aedes
aegypti and probability of infection by Plasmodium
gallinaceum (Hovanitz, 1947) or between wing length
of Anopheles stephensi and the number of oocysts of
Plasmodium yoelii nigeriensis (Ichimori, 1989).
In the present study, we examine the relationship
between adult size of the vector An. gambiae and
infection with P. falciparum. We examine oocysts as
a measure of infection from humans to mosquitoes as
well as sporozoites as a measure of infection from
mosquitoes to humans.
MATERIALS AND METHODS
The study was carried out in Michenga, Kilombero
District, southeastern Tanzania. The area is holo- to
hyperendemic for malaria with peak transmission in
June and July. The main malaria species is P.
falciparum, occurring in about 95 % of all infections,
and its main vectors are An. gambiae and An.
funestus. The study area has been described in detail
by Tanner et al. (1987) and Biro (1987).
An. gambiae s.l. were sampled from 5 houses in
July and the beginning of August, 1990. Female
mosquitoes were caught as they were resting on the
walls inside houses in the early morning. We
assumed that blood-fed mosquitoes had fed only on
humans because no animals were kept in the houses.
For oocyst detection freshly fed female mosquitoes
were selected. They were fed on a 10% glucose
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Fig. 1. Frequency distributions of (A) wing lengths and
(B) oocyst numbers in infected mosquitoes. In (A) the
wing lengths are grouped into 01 mm intervals and each
interval is labelled with its midpoint.
solution for 5 days, when their abdomens were
dissected and examined for oocysts. For sporozoite
detection mosquitoes were killed immediately after
capture. Their heads and thoraxes were investigated
with an ELISA specific for the (NANP)40 repeat
region of the circumsporozoite protein (Campbell
et al. 1987). The cut-off value for the optical density
separating infected from uninfected mosquitoes was
set to the optical density of a control well on the same
plate containing 500 sporozoites, which allows a
compromise between the number of false positives
and false negatives (N. Weiss, unpublished data).
The size of a mosquito was measured as the length
of its wing, which correlated with dry weight
(E. Lyimo, unpublished data). Wings were measured
to the nearest 0-01 mm with an ocular micrometer
from the distal end of the alula to the tip, excluding
the fringe scales.
For the analysis of the proportions of mosquitoes
with oocysts and with sporozoites the wing lengths
were grouped into 8 size classes. The cut-off values
between classes were determined so that the number
of mosquitoes in each class was similar. A logistic
regression, with wing length and the square of the
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Fig. 2. Association between infection with oocysts and
wing length. The x axis is labelled with the mean wing
length of the mosquitoes in each size-class. (A)
Proportions of mosquitoes infected in 8 size-classes. The
vertical lines denote the 95 % confidence intervals. The
horizontal, dotted line denotes the overall proportion of
infected mosquitoes. (B) Proportions of the infected
mosquitoes with 2 or more oocysts in 4 size-classes. The
measured proportions are shown as bars, the 95 %
confidence intervals as vertical lines. The horizontal,
dotted line denotes the overall proportion of infected
mosquitoes with 2 or more oocysts. The proportions
predicted by a logistic regression (see text and Table 1)
are shown as connected diamonds.
wing length as independent variables, tested for an
association between wing length and proportions
positive. The relationship between wing length and
proportion infected, / , was thus estimated as the
parameters of the model
In = A + B (wing length) + C (wing length)2.
Because the distribution of oocysts was over-
dispersed, with many mosquitoes harbouring only 1
oocyst, the relationship between number of oocysts
and wing length could not be found with a
product—moment correlation analysis. Therefore the
relationship between wing length and the proportion
of those infected mosquitoes harbouring 2 or more
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Table 1. Analysis of the relationship between wing length and
proportions of mosquitoes infected (a) with oocysts, (b) with 2 or more
oocysts, or (c) with sporozoites
(The estimates are the parameters of a logistic regression. Thus the proportion of
infected mosquitoes, / , was modelled as In (//I —f) = A + B (wing length) + C
(wing length)2 for (a) and (c), where 8 classes were available, and as
In (//I —f) = A + B (wing length) for (6), where only 4 size-classes were available.)
Source
r
Estimate
(a) Oocyst
(b) > 1 Oocyst
(c) Sporozoite
Intercept
Wing length
(Wing length)2
Likelihood ratio
Intercept
Wing length
Likelihood ratio
Intercept
Wing length
(Wing length)2
Likelihood ratio
1
1
1
5
1
1
2
1
1
1
5
0-30
0-30
0-34
4-88
5-99
6-34
0-32
11-25
11-55
1200
3-47
0-584
0-583
0-558
0-431
0-014
0-012
0-853
< 0001
< 0001
< 0001
0-628
23-23
-16-12
2-965
14-34
-5166
1090
-76-12
13-36
oocysts was analysed. Only infected mosquitoes
were used for this analysis. So that size-classes had
a sufficient number of mosquitoes, we formed 4 new
size-classes by merging adjacent classes mentioned
above. The relationship was found with a logistic
regression with wing length as the independent
variable. No quadratic term was included because
only 4 size classes were involved. The logistic
regressions were performed with the procedure
CATMOD of the SAS package (SAS, 1988).
Because of the procedures described above, oocyst
infection was measured as an incidence, i.e. as the
proportion of mosquitoes that acquired a new
infection during a blood meal, whereas sporozoite
infection was measured as a prevalence, i.e. the
proportion of mosquitoes that harboured sporozoites
at a given time. Thus the two proportions are not
directly comparable.
RESULTS
A total of 324 mosquitoes was dissected for oocysts
and 425 investigated for sporozoites.
The wing lengths varied from 2-41 to 352 mm
(Fig. 1 A) with a mean of 2-92 mm and a standard
deviation of 0-175 mm. It was found that 18-2% of
the mosquitoes were infected with oocysts and in the
infected mosquitoes the number of oocysts ranged
from 1 to 49 (Fig. 1 B) with a mean of 5-3 and a
median of 2-5. Of the infected mosquitoes 38-9% had
only 1 oocyst. The proportion of mosquitoes with
sporozoites was 28-1 %.
The proportion of mosquitoes infected with
oocysts (Fig. 2A) was independent of size (Table
la) . In contrast, the proportion of mosquitoes
infected with 2 or more oocysts (Fig. 2B) increased
with wing length (Table \b). In the smallest size-
class 37-5 % of the mosquitoes had more than
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Fig. 3. Proportion of mosquitoes infected with
sporozoites in 8 size-classes. The x axis is labelled with
the mean wing length of the mosquitoes in each size
class category. The vertical lines denote the 95 %
confidence intervals. The horizontal, dotted line denotes
the overall proportion of infected mosquitoes. The
proportions predicted by a logistic regression (see text
and Table 1) are shown as connected diamonds.
1 oocyst, whereas 88-9 % of the mosquitoes in the
largest size-class had more than 1.
The proportion of mosquitoes with sporozoites
increased from 19-5 % in the smallest mosquitoes to
41-1 % in intermediate size-classes and dropped
again to 7-1 % in the largest mosquitoes (Fig. 3). The
non-linear relationship of wing length with pro-
portion infected could be closely approximated with
a quadratic function (Table 1 c). The parameters of
the logistic regression (Table 1 c) estimated the
highest proportion at —B/2C = 2-85 mm, which
was slightly below the mean wing length (Fig. 1 A).
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DISCUSSION
Adult size of An. gambiae affected key factors of
transmission of the malaria parasite P. falciparum.
Although the risk of becoming infected during a
bloodmeal was independent of size, mosquitoes
tended to develop many oocysts only if they were
large. This pattern was similar to that observed in
laboratory-reared mosquitoes (Kitthawee et al. 1990)
and might have been due to differences in size of the
bloodmeal. Size of the bloodmeal is positively
correlated with body size in several mosquito species
(Reisen, 1975; Ichimori, 1989; Kitthawee et al.
1990), including An. gambiae (P. Billingsley, un-
published data). For the low gametocyte densities
encountered in human infections this leads to a
positive correlation between size of the mosquito,
number of ingested gametocytes, and number of
oocysts (Carter & Graves, 1988; T. Ponnudurai,
personal communication).
Intermediate-sized mosquitoes were most likely to
harbour sporozoites. The peak sporozoite infection
was observed for mosquitoes close to the mean size
in the population. This result is contrary to the
expectation. Because adult survival generally increas-
es with body size (Nasci, 1986; Packer & Corbet,
1989; Landry, Defoliart & Hogg, 1988; Haramis,
1985), the proportion of mosquitoes surviving the
parasite's incubation period is expected to be highest
in the largest mosquitoes, which would lead to the
highest prevalence of sporozoites in the largest
mosquitoes (Macdonald, 1958). The fact that preva-
lence decreased in the largest mosquitoes thus
implies increased mortality in large mosquitoes. We
could speculate that this increased mortality was due
to the large number of oocysts found in the large
mosquitoes. Although investigations of the patho-
genicity of malaria parasites in mosquitoes are not
conclusive, recent studies (Gad, Maier & Piekarski,
1979; Klein et al. 1982) have shown that survival is
reduced in infected mosquitoes, in particular in
those mosquitoes harbouring more than 10 oocysts
(Klein et al. 1986).
Whatever the processes leading to the observed
patterns, mosquito size has a strong effect on the
number of gametocytes that develop into oocysts and
sporozoites. Thus, mosquito size might influence the
rate at which malaria parasites are transmitted.
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